Background {#Sec1}
==========

Infantile malignant osteopetrosis (IMO) is the most severe form of the genetically heterogeneous group of disorders named osteopetrosis \[[@CR1]\]. IMO is characterized by defective functionality or differentiation of osteoclasts that leads to increased bone mass, dental abnormalities, and frequent bone fractures \[[@CR2]\]. IMO patients also display a progressive reduction of marrow cavities leading to anemia, hepatosplenomegaly, and frequent infections \[[@CR3], [@CR4]\]. Furthermore, compression of the cranial nerves leads to impairment of neurologic functions with blindness and sometimes also deafness \[[@CR3], [@CR4]\]. More than 50% of the patients have mutations in the *TCIRG1* gene encoding the a3 subunit of the V-ATPase proton pump, which is necessary for the acidification of the resorption lacunae \[[@CR5]\]. The only curative treatment to date for IMO is allogeneic hematopoietic stem cell transplantation (HSCT), and IMO is usually fatal within the first 10 years of life if not treated \[[@CR1]\]. Despite the greatly improved outcome overtime of HSCT for IMO \[[@CR2], [@CR6], [@CR7]\], alternative autologous therapies such as HSC-targeted gene therapy \[[@CR8], [@CR9]\] have the potential to restore the resorptive function of osteoclasts without some of the complications associated with allogeneic HSCT such as limited availability of a matching donor and graft-versus-host disease \[[@CR10]\].

Patient-derived induced pluripotent stem cells (iPSCs) provide a valuable resource for pathobiology studies and therapy development for rare diseases; several have been generated recently from osteopetrotic patients bearing different mutations in *TCIRG1* \[[@CR11], [@CR12]\]. Ex vivo generation of genetically modified macrophages from human iPSCs has been proven feasible \[[@CR13], [@CR14]\]. Generation of functional osteoclasts using gene-corrected iPSCs derived from osteopetrotic mice has been demonstrated \[[@CR15]\]. Similarly, a recent study generated functional osteoclasts using human iPSCs by targeting the fibroblasts of an osteopetrosis patient \[[@CR16]\].

In this study, we used a lentiviral vector equipped with a ubiquitous chromatin opening element (CBX3-UCOE) \[[@CR17]\] to express the functional human *TCIRG1* cDNA in iPSCs derived from an IMO patient with a homozygous c.11279G\>A (IVS18+1) mutation in *TCIRG1*, and we show rescue of the resorptive function of iPSC-derived osteoclasts.

Methods {#Sec2}
=======

Derivation of fibroblasts from skin biopsy {#Sec3}
------------------------------------------

A skin biopsy was obtained from a 2-year-old female with infantile malignant osteopetrosis (IMO). The biopsy was cut into small pieces and cultured on gelatin-coated 6-well culture dishes under coverslips in fibroblast medium (Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and 2 mM GlutaMAX (Life Technologies)) supplemented with 4 ng/ml basic fibroblast growth factor (bFGF; PeproTech) for approximately 3 weeks before passaging.

Reprogramming {#Sec4}
-------------

Passage 1 and 2 IMO fibroblasts were used for IMO iPSC reprogramming, and the CCD-1100Sk human fibroblast cell line (ATCC® CRL-2211™) was used to generate control (CTRL) iPSCs. Reprogramming was performed with the CytoTune™ iPS 2.0 Sendai reprogramming kit (Invitrogen) following the manufacturer's instructions. In brief, 5 × 10^4^, 10 × 10^4^, and 20 × 10^4^ cells were seeded into each well of a 6-well plate and cultured in fibroblast medium. Cells were transduced with the CytoTune™ iPS 2.0 Sendai reprogramming vector with multiplicities of infection (MOIs) of 5, 5, 5, and 3 (i.e., *OCT3/4* MOI = 5, *CMYC* MOI = 5, *SOX2* MOI = 5, *KLF* MOI = 3) 2 days after seeding (day 0) and incubated overnight. Reprogramming vectors were removed with a change to fresh medium the following day. Medium change was performed every other day until day 7. Transduced cells were replated onto murine embryonic fibroblast (MEF) culture dishes, and the medium was changed to iPSC medium (DMEM/F-12 with 20% knockout serum replacement, 0.1 nmol/l β-mercaptoethanol, 1 mmol/l [l]{.smallcaps}-glutamine, and 1% non-essential amino acids (Life Technologies)) supplemented with 10 ng/ml basic fibroblast growth factor (bFGF; PeproTech). iPSC medium was changed every day, and iPSC colonies appeared after 3 weeks of culture. Individual colonies were picked using pipette tips and expanded in iPSC medium on MEF culture dishes. In total, 12 colonies were picked for CTRL iPSC lines and 18 colonies for IMO iPSC lines.

Confirmation of the absence of the CytoTune™ iPS 2.0 Sendai reprogramming vectors was obtained by reverse transcription polymerase chain reaction (RT-PCR). Total RNA was extracted between P11 and P16 from both control and IMO lines using the RNeasy micro kit (Qiagen). Reverse transcription (RT) reactions were performed with SuperScript III (Invitrogen). Polymerase chain reaction (PCR) was performed following the instructions from the CytoTune™ iPS 2.0 Sendai reprogramming kit to detect the absence of SeV, *OCT3/4*, *KLF*, *SOX2*, and *CMYC*.

In total, 5 iPSC lines each from control and IMO reprogramming were obtained. After the initial screening, control 7 and IMO 1 iPSC lines were selected for further analyses based on their differentiation ability. Karyotyping was performed at P14--P16 and showed normal chromosome number and structure.

Identification of the patient TCIRG1 mutation {#Sec5}
---------------------------------------------

Genomic DNA was extracted from P20 of both control and IMO iPSC lines using the DNeasy blood & tissue kit (Qiagen). The DNA fragment containing the mutation was amplified by PCR reaction with specific primers \[[@CR18]\] (Table [1](#Tab1){ref-type="table"}). PCR products were cleaned and sequenced. Sequence analyses were performed using the SnapGene software. Table 1Primer list \[[@CR18], [@CR19]\]TargetProduct size (bp)Primer sequenceSendai vector detection SeV181Forward GGATCACTAGGTGATATCGAGCReverse ACCAGACAAGAGTTTAAGAGATATGTATC*KLF4*410Forward TTCCTGCATGCCAGAGGAGCCCReverse AATGTATCGAAGGTGCTCAA*CMYC*532Forward TAACTGACTAGCAGGCTTGTCGReverse TCCACATACAGTCCTGGATGATGATG*SOX2*451Forward ATGCACCGCTACGACGTGAGCGCReverse AATGTATCGAAGGTGCTCAA*OCT4*483Forward CCCGAAAGAGAAAGCGAACCAGReverse AATGTATCGAAGGTGCTCAAPluripotency and differentiation markers*NANOG*237Forward AAGGTCCCGGTCAAGAAACAGReverse CTTCTGCGTCACACCATTGC*BRACHYUR*252Forward TAAGGTGGATCTTCAGGTAGCReverse CATCTCATTGGTGAGCTCCCT*GOOSECOID*89Forward AACGCGGAGAAGTGGAACAAGReverse CTGTCCGAGTCCAAATCGC*MIXL1*67Forward CTGTTCCCCTCTCTCTGAAGAReverse GGCAGAAAAGATGTGTTCCTCC*FOXA2*83Forward GGAGCAGCTACTATGCAGAGCReverse CGTGTTCATGCCGTTCATCC*SOX17*94Forward GTGGACCGCACGGAATTTGReverse GGAGATTCACACCGGAGTCA*NESTIN*145Forward TTGCCTGCTACCCTTGAGACReverse GGGCTCTGATCTCTGCATCTAC*SOX1*287Forward CAGTACAGCCCCATCTCCAACReverse GCGGGCAAGTACATGCTGA*NEUROD*523Forward GCCCCAGGGTTATGAGACTATCACTReverse CCGACAGAGCCCAGATGTAGTTCTT*OTX2*98Forward TGTAGAAGCTATTTTTGTGGGTGAReverse GAGCATCGTTCCATCTAACTTTTT*PAX6*162Forward TGTCCAACGGATGTGTGAGTReverse TTTCCCAAGCAAAGATGGACIMO mutation detection Human *TCIRG1 Exons 16--20*1255Forward GGTTCCTTTGCAGGTGTGCAReverse CCTCTCCTGCCTCAGAGGTC

Culture of iPSCs {#Sec6}
----------------

Human iPSCs were cultured in mTeSR medium (STEMCELL Technologies) on 6-well plates coated with Matrigel (STEMCELL Technologies). Cells were passaged every 5--7 days with 1 mg/ml dispase (STEMCELL Technologies) at a ratio of 1:6 to 1:8.

Immunostaining of pluripotency markers {#Sec7}
--------------------------------------

iPSCs were seeded on 12-well chamber slides (Ibidi, 81201) and cultured for 2 days. Cells were then rinsed with Dulbecco's phosphate-buffered saline (DPBS) and fixed with ice-cold 4% paraformaldehyde (PFA) for 15 min. Cells were then incubated in 5% normal serum and 1% Triton X-100 in PBS for 45 min at room temperature. Primary antibodies were diluted in 5% normal serum (Merck) and 1% Triton X-100, and incubation was carried out overnight at 4 °C. Primary antibodies were detected by incubating with appropriate fluorescent secondary antibodies for 90 min at room temperature. For nuclear staining, 10 mg/ml Hoechst 33342 (Thermo Fisher Scientific) was added for 10 min after the incubation with secondary antibodies. For labeling TRA-1-60 membrane protein, cells were first incubated in 5% normal serum and 0.025% Triton X-100 for 45 min, then stained with mouse anti-TRA-1-60 IgM diluted in 5% normal serum and 0.025% Triton X-100 overnight at 4 °C. The secondary antibody was added for 90 min at room temperature. For double labeling with other primary antibodies, cells were fixed again with ice-cold PFA for 10 min, and staining was performed as described above. Images were obtained using a Zeiss 780 laser confocal microscope (Zeiss).

Examination of pluripotency by in vitro differentiation into three germ layers {#Sec8}
------------------------------------------------------------------------------

Undirected differentiation was performed using a previously published protocol \[[@CR19]\]. Briefly, embryoid body (EB) formation was achieved using collagenase IV treatment. EBs were cultured in DMEM Low Glucose supplemented with 10% FBS and 2 mM [l]{.smallcaps}-glutamine for 10 days. The medium was changed every other day. Total RNA was purified from EBs on day 10 and used in RT reactions with SuperScript III (Invitrogen). One microliter of RT product was used for PCR to detect the gene expression from three germ layers: *NANOG* was used to test for pluripotency; *BRACHYUR*, *GOOSECOID*, and *MIXL1* for mesoderm; *FOXA2*, *SRY*, and *SOX17* for endoderm; and *NESTIN*, *SOX1*, *NEUROD*, *OTX2*, and *PAX6* for ectoderm. Primers used for PCR are listed in Table [1](#Tab1){ref-type="table"}.

Cloning of the human TCIRG1 construct {#Sec9}
-------------------------------------

Human full-length *TCIRG1* cDNA was cloned into a lentiviral backbone under the control of the CBX3-EFS promoter (the pRRL.PPT.CBX3.EFS.GFP.PRE backbone was a generous gift from Dr. Dirk Hoffmann). The EGFP fragment was replaced by *hTCIRG1* cDNA using BamHI and SalI restriction cloning. Internal ribosomal entry site (IRES)-GFP was inserted after h*TCIRG1* by SalI restriction cloning to visualize the transgene expression (Fig. [1](#Fig1){ref-type="fig"}b). Fig. 1Lentiviral-mediated gene expression in IMO iPSC-derived monocytes. Schematic representation of the experimental design (**a**). IMO iPSCs were transduced with a lentiviral vector expressing *TCIRG1* and containing the CBX3-UCOE element (**b**). EBs were generated from the iPSCs, transferred to tissue culture plates after 4 days of culture, and differentiated in X-VIVO media supplemented with M-CSF and IL-3. The presence of GFP^+^ cells was verified throughout the culture at iPSC stage (**c**, **d**), at EB stage (**e**), and during EB differentiation (**f**)

Lentiviral vector production {#Sec10}
----------------------------

Lentiviral vectors were produced by transient transfection of HEK293T cells through calcium phosphate precipitation as described previously \[[@CR20]\]. Lentiviral vectors from the supernatant were collected 48 h and 72 h post-transfection. The virus was filtered and concentrated by ultracentrifugation. Viral titers were determined by flow cytometry using the GFP signal in transduced HT1080 cells.

Transduction of iPSCs {#Sec11}
---------------------

1 × 10^5^ iPSCs were individualized with TrypLE Select (Invitrogen) and seeded the day before transduction on a Matrigel-coated (STEMCELL Technologies) 12-well plate. The following day, cells were counted and lentiviral transduction was performed at MOIs of 20--100 for 6 h in 400 μl iPSC medium before medium change.

Monocyte differentiation of human iPSCs {#Sec12}
---------------------------------------

Monocyte differentiation was performed using a previously published protocol \[[@CR14]\]. In brief, control and IMO iPSC colonies were treated with dispase (0.5 mg/ml) for EB formation. EBs were cultured in iPSC medium for 4 days on low attachment dishes. At day 4, EBs were transferred onto 6-well plates with approximately 50 EBs/well in monocyte differentiation medium (X-VIVO™ 15, Lonza), supplemented with 100 ng/ml human M-CSF (R&D), 25 ng/ml human IL-3 (PeproTech), 2 mM GlutaMAX (Invitrogen), 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen), and 0.055 mmol/l β-mercaptoethanol (Invitrogen). Medium change was performed every 5 days, and monocytes were harvested once a week from week 5 onward (Fig. [1](#Fig1){ref-type="fig"}a).

Flow cytometry {#Sec13}
--------------

Control and IMO iPSCs were harvested using TrypLE Select treatment and suspended in 2% FBS in PBS. Cells were stained with 4′,6-diamidino-2-phenylindole (DAPI), and the expression of GFP was detected with the BD Canto (Becton & Dickinson). The results were analyzed using the FlowJo software.

Osteoclastogenesis {#Sec14}
------------------

The non-adherent cell fraction was harvested weekly from the differentiating EB cultures and reseeded onto 96-well plates on bovine cortical bone slices at a density of 1 × 10^5^/well for cell assays and onto 24-well plates on plastic at 5 × 10^5^/well for western blot. The cells were incubated at 37 °C and 5% CO~2~ in αMEM (Gibco) containing 10% fetal bovine serum (Sigma-Aldrich), 100 U/ml penicillin (Sigma-Aldrich), 100 μg/ml streptomycin (Sigma-Aldrich), and 388 μg/l thymidine (Sigma-Aldrich) for 3 days in the presence of 50 ng/ml human M-CSF (R&D Systems) and then further differentiated for an additional 10 days in the presence of 50 ng/ml human M-CSF and 50 ng/ml human RANKL (R&D Systems) with medium changes every 2--3 days. After 13 days, the cells were either fixed in 4% formaldehyde for further analyses or lysed for western blot analysis.

Western blot {#Sec15}
------------

Osteoclasts differentiated from both control and IMO iPSCs were collected and lysed with RIPA buffer (Thermo Fisher Scientific) supplemented with Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) following the manufacturer's instructions. Ten microliters of cell lysate was mixed with 10 μl of 2× sample buffer (Thermo Fisher Scientific) and heated at 70 °C for 10 min. Samples were loaded on Bolt™ 4--12% Bis-Tris gel (Invitrogen) together with MagicMark (Thermo Fisher Scientific) and run for 25 min at 200 V. Proteins were transferred to PVDF membranes using an iBlot 2 machine (Thermo Fisher Scientific). The membrane was blocked with 5% blocking reagent (GE Healthcare) in PBS with Tween 20 (Thermo Fisher Scientific) for 45 min at room temperature before incubation with primary (anti-TCIRG1 or anti-p38 as a loading control) or secondary antibodies overnight at 4 °C. Antibodies used for western blot are listed in Table [2](#Tab2){ref-type="table"}. Images were taken with the GelDoc system (Bio-Rad). Table 2Antibody listAntibodiesCatalog numberCompanyDilutionImmunostaining Mouse anti-oct3/4sc5279Santa Cruz1:50 Rabbit anti-Nanogab21624Abcam1:150 Mouse anti-TRA-1-60MAB4360Merck1:100 Rabbit anti-SOX2AB5603Merck1:500 Alexa Fluor 488 Donkey anti-mouse IgG (H+L)A21202Thermo Fisher Scientific1:2000 Alexa Fluor 568 Donkey anti-rabbit IgG (H+L)A10042Thermo Fisher Scientific1:2000 Alexa Fluor 647 Donkey anti-rabbit IgG (H+L)A31573Thermo Fisher Scientific1:2000Western blot Mouse anti-human TCIRG1H00010312Abnova1:1000 Rabbit anti-p38 MAPK9212Cell Signaling Technology1:1000 ECL Mouse IgG, HRP-linked whole Ab (from sheep)NA9310GE Healthcare1:5000 ECL Rabbit IgG, HRP-linked *F*(*ab*′)~2~ fragment (from donkeys)NA9340GE Healthcare1:5000

TRAP activity measurements {#Sec16}
--------------------------

One to 20 μl of media from 96-well cell cultures were added to a 96-well plate and diluted with water to a volume of 20 μl. The diluted samples were incubated with 80 μl freshly prepared reaction buffer (0.25 mol/l acetic acid, 0.125% Triton X-100, 0.25 mol/l NaCl, 2.5 mmol/l EDTA, 1.1 mg/ml of ascorbic acid, 5.75 mg/ml of disodium tartrate, 2.25 mg/ml of 4-nitrophenylphosphate, pH 5.5) at 37 °C for 1 h in the dark, and the reaction was then stopped by adding 100 μl of 0.3 mol/l NaOH. Absorbance was measured at 405 nm with 650 nm as a reference.

CTX-I release {#Sec17}
-------------

The release of the c-terminal type I collagen fragments (CTX-I) from resorbed bone slices was determined using the CrossLaps for Culture kit (IDS, The Boldons, UK), according to the manufacturer's instructions.

TRAP staining {#Sec18}
-------------

Osteoclasts were fixed in 4% formaldehyde for 20 min and stained for tartrate-resistant acid phosphatase (TRAP) using the leukocyte acid phosphatase kit (Sigma-Aldrich). Digital micrographs were obtained using a × 40 objective and an Olympus digital camera mounted on an Olympus BX43 microscope using the Image View software.

Resorption pit formation {#Sec19}
------------------------

Resorption pits on the fixed bone slices were visualized after washing them with water, removing the remaining cells by lysing them with RIPA buffer and scrubbing with a cotton swab followed by staining with hematoxylin for 7 min. Excess dye was removed by scrubbing the bones with a cotton swab. Digital micrographs were obtained using a × 10 objective and an Olympus digital camera mounted on an Olympus BX43 microscope using the Image View software.

Results {#Sec20}
=======

Lentiviral-mediated gene expression in IMO iPSC-derived monocytes {#Sec21}
-----------------------------------------------------------------

iPSCs were generated from a 2-year-old female IMO patient carrying a homozygous c.11279G\>A (IVS18+1) mutation in *TCIRG1*. Fibroblasts were isolated from a skin biopsy and reprogrammed using integration-free Sendai viral vectors. CTRL iPSCs were generated from a normal fibroblast cell line. Characterization confirmed that the generated iPSC lines expressed pluripotency markers, retained the disease-causing mutation, did not retain the reprogramming vector, and showed pluripotent differentiation capacity (Suppl Fig. [1](#MOESM1){ref-type="media"}). IMO iPSCs were transduced with a lentiviral vector expressing *TCIRG1* and GFP under the elongation factor 1 alpha short (EFS) promoter and containing the CBX3-UCOE element (Lv.CBX3.EFS.TCIRG1.GFP) in order to prevent silencing of the transgene expression upon differentiation (Fig. [1](#Fig1){ref-type="fig"}a, b). Both IMO iPSCs and CTRL iPSCs were transduced with the control vector expressing only GFP (Lv.CBX3.EFS.GFP) (Fig. [1](#Fig1){ref-type="fig"}b). Transduction efficiency was measured by flow cytometry 3 days after transduction, and a GFP^+^ cell population was clearly detected in the cells transduced with either vector but the efficiency was higher with the control vector (Fig. [1](#Fig1){ref-type="fig"}c). Differentiation of the iPS cells to monocytes was performed according to a previously described protocol \[[@CR14]\]. EBs were generated from the iPSCs, transferred to tissue culture plates after 4 days, and differentiated in X-VIVO media supplemented with M-CSF and IL-3 (Fig. [1](#Fig1){ref-type="fig"}a). The presence of GFP^+^ cells was verified by fluorescence microscopy throughout the culture at the iPSC stage (Fig. [1](#Fig1){ref-type="fig"}d), at the EB stage (Fig. [1](#Fig1){ref-type="fig"}e) and during differentiation of the plated EBs (Fig. [1](#Fig1){ref-type="fig"}f) indicating stable transgene expression.

Restored resorptive function in osteoclasts generated from patient-derived IMO iPSCs after TCIRG1 gene transfer {#Sec22}
---------------------------------------------------------------------------------------------------------------

The non-adherent cells from differentiating EB cultures were harvested weekly from week 5 onward and differentiated into osteoclasts on plastic for western blot analysis. TCIRG1 protein was expressed in the mature osteoclasts derived from transduced cells at day 13 of culture (Fig. [2](#Fig2){ref-type="fig"}a). iPSC-derived monocytes were also differentiated into osteoclasts on bone slices, and this was confirmed by assessing the TRAP activity in the culture medium whereas their ability to resorb bone was evaluated by measuring the levels of CTX-I in the medium. TRAP activity was present in the media of all osteoclast cultures (data not shown). A 5-fold increase in CTX-I levels was observed in IMO iPSC-derived osteoclasts transduced with the rescue vector Lv.CBX3.EFS.TCIRG1.GFP compared to non-transduced IMO iPSC-derived osteoclasts (Fig. [2](#Fig2){ref-type="fig"}b), indicating an increase in resorptive activity and at least partial restoration of function. Based on the CTX-I levels, the resorption of rescued IMO osteoclasts was 35% of that of osteoclasts derived from CTRL iPSCs (Fig. [2](#Fig2){ref-type="fig"}b). After 13 days of differentiation, TRAP^+^ multinucleated osteoclasts were present in all conditions (Fig. [2](#Fig2){ref-type="fig"}c) and the IMO osteoclasts generated from iPSCs transduced with Lv.CBX3.EFS.TCIRG1.GFP had formed a high number of clearly visible pits, whereas the bone slices with non-transduced IMO osteoclasts were almost free of pits (Fig. [2](#Fig2){ref-type="fig"}d) as expected. Fig. 2Restored resorptive function in osteoclasts generated from patient-derived IMO iPSCs after *TCIRG1* gene transfer. Non-adherent cells were harvested weekly from week 5 onward and differentiated into osteoclasts on plastic or bone slices for 13 days in the presence of M-CSF and RANKL. Western blot analysis was performed on cell lysates from mature osteoclasts (**a**). The concentration of CTX-I (**b**) was measured in the media at day 13. Data are shown as the mean ± SEM, *n* = 4. Bone slices were stained for TRAP^+^ cells (**c**) and then for resorption pits (**d**) after cell lysis. Images represent bone slices after culture of IMO-GFP, CTRL-GFP, and IMO-TCIRG1 iPSC-derived osteoclasts

Discussion {#Sec23}
==========

Human iPSCs from healthy fibroblasts have been shown capable of differentiating into monocytes with the expression of pre-osteoclast markers in the presence of specific cytokines \[[@CR14]\]. Furthermore, iPSCs subjected to transduction with lentiviral vectors \[[@CR14]\] or with lentiviral vectors equipped with a CBX3-UCOE element \[[@CR13]\] have been shown to retain high levels of marker gene expression after macrophage differentiation.

By applying the differentiation protocol mentioned above to iPSCs from normal fibroblasts and from fibroblasts of an IMO patient, we were able to obtain high amounts of cells that after further differentiation with M-CSF and RANKL exhibited the TRAP^+^ multinucleated phenotype typical of osteoclasts. Osteoclasts derived from normal iPSCs were capable of resorbing bone effectively in vitro while osteoclasts from IMO patient iPSCs exhibited strongly impaired resorption as expected.

For the gene transfer experiments, we chose a self-inactivating (SIN) lentiviral vector with a CBX3-UCOE element. When iPSCs were transduced with the control vector (Lv.CBX3.EFS.GFP) or the rescue vector (Lv.CBX3.EFS.TCIRG1.GFP) and then differentiated into monocytes, the presence of efficiently transduced cells was verified at different culture stages, even though GFP intensity was lower with the vector expressing *TCIRG1* most likely due to the size of the bicistronic vector and the presence of the IRES. Upon differentiation of transduced monocytes to mature osteoclasts, TCIRG1 protein was present in the rescued cells indicating stable gene expression. Transducing at the iPSC stage without clonal selection allows for a more accurate assessment of the level of correction in the subsequent functionality assays, as compared to the transduction of fibroblasts \[[@CR16]\] followed by reprogramming where differences between the iPSC clones must be considered.

The main objective of the current work was to assess the functional restoration of osteoclasts differentiated from the transduced cells. The ability of osteoclasts to resorb bone was evaluated by measuring the release of the resorption marker CTX-I into the media. Resorption of osteoclasts derived from IMO iPSCs transduced with the rescue vector was on average 35% that of osteoclasts derived from normal iPSCs based on CTX-I. As further confirmation of the rescued phenotype, mature IMO osteoclasts transduced with Lv.CBX3.EFS.TCIRG1.GFP formed clearly visible resorption pits when differentiated on bone slices whereas pits were in most cases completely absent in IMO controls. This clearly establishes that the introduction of non-mutated *TCIRG1* into IMO iPSCs and thus the resulting osteoclasts restore their osteoclastic ability to acidify the resorption lacunae and resorb the bone in vitro.

Due to the lack of a mouse model in which functionality of human osteoclasts can be tested, we cannot determine directly if the partial restoration of osteoclast function would translate into a complete rescue of the bone phenotype in vivo; however, there are indications that it could be sufficient. Coccia et al. after transplantation of a 5-month-old girl with IMO with bone marrow from her brother used fluorescent in situ hybridization (FISH) for the Y chromosome to study donor chimerism and found that only 30% of mononuclear cells in the blood were of male origin \[[@CR21]\]. Despite this low level of chimerism, the transplant was deemed clinically successful. Furthermore, in a previous work, we showed that the in vitro bone resorption capacity of osteoclasts formed from bone marrow cells of transplanted *oc/oc* mice was only 14% of controls, but despite this low level of in vitro resorption, osteopetrosis was rapidly reversed in vivo \[[@CR22]\]. This indicates that only a small part of the resorptive potential of the total osteoclast population is needed and used in vivo.

The mutational spectrum causing IMO is wide and complex \[[@CR18]\]; generation of new patient-derived iPSCs and their differentiation to mature osteoclasts will contribute to the resources available for the study of disease mechanisms. Furthermore, the rescue of the phenotype of IMO osteoclasts by gene transfer of the *TCIRG1* cDNA to patient iPSCs has important implications for the development of new therapies for this disease. In our previous studies, we have provided proof of concept for an autologous approach to treating osteopetrosis by hematopoietic stem cell-targeted gene therapy with clinically applicable lentiviral vectors in IMO patient CD34^+^ peripheral blood cells \[[@CR23]\] and in the oc/oc osteopetrotic mouse model \[[@CR9]\]. However, it has been proposed that IMO patients could also benefit from early transplantation of myeloid progenitors differentiated towards the osteoclast lineage \[[@CR24]\]. For this purpose, autologous iPSCs could potentially provide an unlimited source of pre-osteoclasts to support the early phase of recovery after autologous gene therapy with corrected stem cells.

Conclusions {#Sec24}
===========

Non-resorbing osteoclasts were generated from an IMO patient-derived iPSC line, and the phenotype was partially rescued through lentiviral-mediated gene transfer, providing a valuable resource for pathobiology studies and therapy development for this form of severe osteopetrosis.

Supplementary information
=========================

 {#Sec25}

**Additional file 1:Supplementary Figure 1.** Characterization of the generated iPSC lines (IMO and CTRL). Immunofluorescent staining (A) demonstrated that IMO iPSCs expressed pluripotency markers at the protein level. The presence of the patient mutation (B) was verified in the IMO iPSCs and was absent in the CTRL iPSCs. The absence of the reprogramming vector (C) was confirmed for all the iPSC lines. RT-PCR of markers for pluripotency and the three germ layers (D) was performed.
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